Abstract: This study evaluates the ability of accelerometers to detect combustion phasing of a single-cylinder air-cooled internal combustion engine undergoing homogeneous charge compression ignition. Metrics derived from the measured surface acceleration waveform, surface velocity, and the surface-specific kinetic energy were compared to the 50 per cent energy release location (CA50) on a cyclic basis for three different experimental test cases. The peak surface velocity location showed a robust ability to detect CA50 on a cyclic basis for short combustion durations. Using a simple single-degree-of-freedom vibration model, it is shown the impulsive nature of the combustion load and the natural frequency of the engine structure governs when the peak velocity location will indeed robustly detect CA50 on a on a per-engine cycle basis.
INTRODUCTION
While advances in internal combustion (IC) engine technologies have improved their performance, the engine development community is always seeking novel approaches to further decrease emissions with improved fuel efficiency. Typically, the engine system needs to be coupled to aftertreatment technologies (such as catalytic converters or particulate matter (PM) filters) to condition the exhaust gases to meet emission regulations. The recent advancement of low-temperature engine combustion regimes appears to provide an avenue of improved efficiency with reduced emission formation. By modifying the combustion behaviour, the emissions can move toward meeting increasingly stringent emission regulations with reduced need for aftertreatment. Advanced combustion regimes come in a variety of modes; one being partially premixed charge compression ignition (PCCI) in which early injection and large amounts of exhaust gas recirculation are utilized to provide a partially premixed, prevapourized lean fuel-air mixture in the cylinder. A more thermodynamically attractive advanced combustion regime is homogeneous charge compression ignition (HCCI) combustion. In HCCI combustion, the entire lean fuel-air mixture is premixed and prevapourized before combustion is initiated. Typically, HCCI combustion results in a near-instantaneous combustion event with at most localized flame propagation. When PCCI or HCCI combustion is utilized, they decrease in nitrogen oxide (NO x ) and PM emissions are almost always observed when compared to conventional combustion. The decreases are dramatic enough that advanced combustion regimes could substantially decrease the need for aftertreatment technologies used on current IC engines. However, there are a few technological barriers that must be overcome.
The autoignition-intiated HCCI combustion process makes proper control of combustion phasing challenging. Moreover, the rapid release of energy associated with the almost instantaneous combustion process results in high pressure rise rates, and peak pressures, consequently leading to increased noise emission and possible engine damage. Thus, it is important to develop control technologies that can adequately control the phasing of the combustion process. The control strategy would seek to balance the need for adequate combustion phasing for lowest brake specific fuel consumption while keeping the pressure rise rates under acceptable values. Central to such a control strategy is the feedback sensor utilized. In-cylinder sensing technologies, such as pressure and ionization current sensors, provide the most direct means of monitoring the combustion behaviour; however, they do have drawbacks [1] . Another type of sensor technology suitable for use on IC engines is vibration-sensing technologies (e.g. accelerometers). Accelerometers are currently in use on production spark-ignition (SI) engines to identify when the engine is undergoing autoigntion or 'engine knock'. However, when considering the accelerometer for control it is necessary to investigate if this technology is capable of detecting combustion phasing accurately on a cyclic basis. Robust identification of combustion phasing from an acceleration signal is considered in this study.
Extracting information specific to the combustion process from the engine structure's surface accelerations comes with barriers. The transient vibrational response of the engine structure can be influenced by multiple sources occuring concomitantly (e.g. combustion, piston slap, flow processes, etc.), particularly in multi-cylinder water-cooled engines. Therefore, if accelerometers are to be utilized to sense combustion characteristics, it is desirable to identify the combustion-induced vibrations. Separation of the various sources of the IC engine's surface vibrations has been the focus of research for many years. Many studies have compared various surface vibration metrics to specific combustion characteristics [1] [2] [3] [4] [5] [6] . However, these studies did not show a robust combustion phasing metric from the surface vibrations that could be used confidently for closed-loop engine control of an HCCI engine. Therefore, it has been the focus of the study discussed in this paper to investigate under what conditions can a combustion phasing metric be robustly extracted from an engine vibration signature obtained from a single-cylinder HCCI engine with the purpose of closed-loop combustion phasing control. The paper is organized by first presenting the experimental set-up. Next, a discussion of the vibration signal conditioning is considered and the vibration output metric chosen will be discussed. Finally, discussion of the results and the influence of combustion behaviour on the metric's ability to robustly, and repeatedly detect combustion phasing will be presented.
EXPERIMENTAL SET-UP
Vibration measurements were performed on a Hatz 1D50Z engine modified to operate under HCCI combustion. This engine was chosen because of its simple single-cylinder geometry. Geometrical specifications are given in Table 1 . The accelerometers used in this study were a PCB HT356B21 tri-axial accelerometer and a PCB 320C18 single-axis accelerometer mounted as shown in Figs 1(a) and (b), respectively. Note that the accelerometers are oriented on opposite sides of the engine's cylinder jacket. Both sensors were stud mounted to ensure optimal vibration sensing. The global sensing directions relative to the cylinder jacket are shown in Fig. 2 . In-cylinder pressure was measured with a Kistler type 6041A water-cooled pressure transducer. The transducer diaphragm was flush mounted with the inner face of the cylinder head.
A multiple rate/resolution data acquisition (DAQ) system was utilized for data collection. This system is capable of simultaneously capturing crank angle resolved and temporally resolved data with DAQ rates up to 200 kHz. The single-axis accelerometer had the highest measurement bandwidth, which was 63 dB error at 30 kHz. Therefore, the acceleration and pressure signals were acquired at 80 kHz to ensure proper signal reconstruction of frequencies at and below 30 kHz. At 80 kHz and an engine speed of 1800 r/min there are approximately seven samples acquired per crank angle degree (CAD). The incylinder pressure and the single-axis accelerometer were also simultaneously sampled at 0.2 CAD increments for combustion analysis. The DAQ system was capable of time and crank angle stamping both the temporal and CAD clocked signals. This The goal was to extract a phasing metric from the acceleration waveform capable of detecting combustion phasing. Therefore, a test methodology was chosen to provide various combustion phasings under both similar and dissimilar engine loads. Variation in the intake air temperature was used to control the combustion phasing. The engine was operated with two different fuels with one fuel operated at a different fuelling rate to produce different engine loads. The first fuel used was an unleaded test gasoline (UTG) which had a research octane number (RON) of 96 and the engine was operated at fuelling rates of 9 and 6 grams per minute (gpm). The second fuel was a toluene reference fuel (TRF) consisting of 22 per cent ethanol, 61 per cent toluene, and 17 per cent n-heptane by mass and had a RON of 104. Designated test numbers, the fuels used, the fuelling rates, intake temperatures, average combustion phasing, air-to-fuel ratio (AF), and the load are presented in Table 2 . Note the combustion phasing and load are defined by the crank angle at which 50 per cent energy is released (CA50), derived from a net heat release analysis, and net indicated mean effective pressure (IMEPn), respectively. The phases of the crank angle are referenced to CAD after top-dead-centre (TDC) of the intake stroke. To observe the changes in operating conditions at each set point, the average CA50 values along with the standard deviations represented by error bars are plotted in Fig. 3(a) . Note the standard deviation has its minimum value for all three tests when the CA50 value is close to TDC (360 CAD). The average burn durations with standard deviations for each test are shown in Fig. 3(b) . Here the variations in burn durations are increasing with lower intake temperature. This behaviour is expected since the later timings phase the combustion into the expansion stroke. Also, note that at all engine set points for all three tests considered in this study, the peak heat release rate (HRR) location had a near linear relationship to CA50 on a cyclic basis as shown in Fig. 4 .
RELATION OF THE VIBRATION CHARACTERISTICS TO COMBUSTION PHASING

Acceleration and combustion phasing characteristics
If surface accelerations are to be utilized for closedloop control of engines operating under advanced combustion regimes, then they must be ultimately correlated to a metric for control, such as the 50 per cent burn location (CA50). Normally, CA50 is derived from the mass fraction burned or the heat release profile and, consequently, it is coupled to the energy release process. Therefore, it is logical to investigate the relationship between the structure's mechanical energy and the energy release process during combustion. It is hypothesized that a robust metric can be derived from the acceleration waveform by considering the structural kinetic energy. Kim and Min [7] have shown that by properly filtering the acceleration signal using wavelet analysis Application of accelerometers for sensing combustion phasing of an advanced combustion enginethe combustion phasing could be reasonably detected from the surface accelerations. The combustion phasing metric that they chose to relate to start of combustion (SOC) was derived as follows. A wavelet transform was performed on the acceleration signal in an engine cycle for a particular frequency band. Next, the SOC location was determined at discrete frequencies in the frequency band by determining at what location in CAD the vibration signal exceeded a preset threshold. Finally, the frequency discrete SOC values were averaged to provide a cycle SOC value. Obviously, it would require determining an adequate threshold value and the capability to perform wavelet analysis on a cyclic basis to implement this metric into closedloop engine control. Another method used to relate combustion characteristics to engine structure accelerations is reconstruction of the in-cylinder pressure from the surface vibrations [8] [9] [10] [11] [12] . Reconstructing cylinder pressure from surface accelerations would allow determination of combustion metrics, such as SOC or peak energy release rate, from the non-intrusive accelerometer signals. However, utilizing a pressure reconstruction from acceleration technique can be Table 2 . The error bars indicated the standard deviation at each set point Fig. 4 Per cycle comparison of CA50 to peak HRR location for all set points and tests cumbersome to implement in closed-loop engine control due to the complexity of the initial data reduction and the required experimental model development. It is desirable that the metric extraction methodology be as simple as possible in order for the closed-loop control algorithms to run efficiently on a typical engine control unit. Thus, a metric derived from the temporal characteristics of the vibration signature is attractive. Preliminary results by Souder et al. [13] have shown that an acoustic sensor could possibly be used for closed-loop control of HCCI combustion. In this study, an auto-regressive moving average (ARMA) model was used to model the pre-combustion portion of an acoustic signal. The combustion phasing was then predicted from the acoustic signal when the signal level exceeded the confidence bounds of the ARMA pre-combustion model. One potential barrier that exists when using an acoustic sensor with an ARMA model is the influence of background noise as noted in [13] . This background noise from the current environment would be included in the ARMA model during pre-combustion model calibration and may decrease the predictive capabilities of the acoustic signals when introduced into a different ambient environment.
It has been shown that the peak pressure location for an SI engine can be indicated reasonably well by the peak acceleration location when the acceleration signal is filtered in specific frequency bands [1] . Interestingly, this correlation between the frequency-band-specific maximum vibration amplitude location and the peak pressure location was shown for both a single-cylinder and multi-cylinder SI engine. However, the results showed average errors between the peak pressure location and the maximum acceleration amplitude location to be~2-3 CAD. This error is rather large when considering that for very rapid HCCI combustion the 10-90 per cent burn duration can be less than 3 CAD. The peak positive value of the vibration amplitude will be used for comparison to CA50 initially but other measures will also be considered.
Clearly, the ability of an accelerometer to sense distinct characteristics of the combustion process in a robust manner is increased when the surface accelerations are filtered in an appropriate frequency bandwidth. Past work has focused on coherence analysis between the surface accelerations and cylinder pressure characteristics to establish this bandwidth [2, 6] . This work will do the same. The coherence between the cylinder pressure and surface accelerations is computed on a cyclic basis for a CAD window between 280 and 476 CAD, which is the crank angle window used for cyclic analysis in this study. Note that the crank angle window between 280 and 476 CAD was chosen to provide adquate spectral resolution when initially examining the frequency content of the acceleration waveforms. This 196°window at a sampling rate of 80 000 Hz and an engine speed of 1800 r/min provided a spectral resolution of 55 Hz.
Directionality of the vibration sensing
Acceleration, velocity, and displacement are all directional quantities. Therefore, it is necessary to consider the appropriate direction in which to sense the vibration of the engine. Previous authors have shown the direction parallel with the cylinder axis provides the best sensitivity to the combustion process [2, 11, 12] . In order to verify that this sensing direction does in fact exhibit the most direct relation to the combustion process for the Hatz engine, the mean coherence between the in-cylinder pressure and measured surface accelerations are compared for various accelerometer sensing directions and combustion phasings for test 1, see Figs 5(a) to (d). The coherence was computed on a per cycle basis for 300 consecutive cycles and then averaged at each frequency. Note the global X, Y, and Z directions relative to the engine structure are provided in Fig. 2 . As suspected, when compared to the other sensing directions, the global Y-direction exhibits the highest mean coherence for all combustion phasings, thus indicating a more direct relation to the combustion process. Consequently, the phasing metrics in this study were derived from the Y-direction vibration signature.
Establishing the acceleration filter frequency bandwidth
For both SI engines in [1] , the majority of the vibration energy produced during combustion was concentrated below 4 kHz. These results, along with other studies [2, [5] [6] [7] 14] , clearly indicate that the combustion process is most directly related to the engine vibration in the 0.5-4 kHz bandwidth frequency band, regardless of engine structure. To the authors' knowledge, there is no standard established methodology from which to extract the vibration frequency band most related to the combustion process. Therefore, for the current study, examination of the average coherence between the incylinder pressure and measured surface acceleration at various combustion phasings is conducted to extract a reasonable frequency band for acceleration filtering, see Fig. 6 (a). Along with the average coherence for each combustion phasing, the standard deviation of the coherence at each frequency value is plotted to consider the amount of variability in the coherence between each engine cycle, see Fig. 6 (b). The objective in observing these two plots is to identify at what frequencies the coherence between the cylinder pressure and surface acceleration is high and the cyclic variation of the coherence is low. From these comparisons, it can be seen that the mean coherence between the in-cylinder pressure and surface accelerations is indeed high but in specific frequency bands. The coherence at frequencies above approximately 4 kHz decreases with retard in combustion timing. These frequencies coincide with the cylindrical cavity vibration modes of the combustion chamber, which can be approximated using the free-vibration solution of a circular disk [15, 16] .
The first few modes are indicated on Fig. 6(a) . Modes above 10 kHz are most likely cavity modes but overlap in mode shapes at these high frequencies does not allow specific mode shape identification. Note also from Fig. 6(b) that the cyclic variability of the coherence in the frequency bands above 4 kHz tends to be higher when compared to the lower frequency bands. Comparison of the mean coherence at frequencies below 4 kHz showed consistently higher coherence values. Interestingly though, the frequency range of high coherence (i.e. the highest frequency value obtained before the coherence begins to diminish) decreases with retarding of combustion phasing. The coherence for all combustion phasings stays high up to about 2 kHz. Also, the coherence standard deviation tends to be minimal between 1 and 2 kHz, except for the most retarded combustion timing. Based upon these observations, the frequency band initially selected for filtering of the accelerometer trace was the 1-2 kHz frequency band.
The acceleration combustion phasing metric
With the determination of the appropriate sensing direction and frequency bandwidth most directly related to combustion, the acceleration signal relative to the combustion phasing metric was considered as this parameter has been studied by others to quantify combustion phasing [1] . A typical 1-2 kHz filtered acceleration signal is shown in Fig. 7 . Note that the in-cylinder pressure for the corresponding cycle has been added to provide orientation of the acceleration signal with regards to the combustion event. The acceleration phasing metric, defined as the location at which the peak positive acceleration occurs, is noted with an arrow. Note that the initial local minimum in the acceleration signal just before the rise in cylinder pressure is an artifact of the narrow frequency bandwidth chosen for filtering. The peak acceleration location in the 1-2 kHz frequency band was compared on a per cycle basis to the corresponding cycle's CA50 value, see Fig. 8 . Note that the peak positive acceleration value does not repeatedly follow the combustion phasing as quantified by CA50. For advanced timings the trend shows a discrete phasing difference in which for particular cycles the peak positive acceleration leads CA50 by approximately 1.6 CAD and in other cycles it lags CA50 by approximately 4.7 CAD. This difference leads to a phase discrepency between the leading and lagging cycles of 6.3 CAD. This type of discrete CAD spacing between peak values is expected since the acceleration waveform has been digitally filtered between 1 and 2 kHz. The relation between the engine speed (N), discrete crank angle degree spacing (DS), and the time period (P) of the spacing is given by
At 1800 r/min, this 6.3 CAD discrete spacing corresponds to a time period of 0.583 ms which, consequently, results in a frequency of 1.714 kHz which falls inside the filter bandwidth. Perhaps a more interesting observation is that the peak acceleration value location, on average, occurs before the combustion process has reached the 50 per cent burn point. The physical reason for this behaviour will be explored in section 4. The discrete spacing and multiple groupings of the peak acceleration location makes this metric inconvenient for realtime cyclic engine combustion control.
The kinetic energy combustion phasing metric
As previously noted, combustion phasing metrics, such as the CA50 are typically derived from the heat release (or energy release) process. Thus, it is postulated that considering the energy of the engine structure (that is the kinetic or potential energies) may provide a more direct relation to the combustion energy release process. Consider the conservation of energy principle for a conservative mechanical system which is given as [17]
where K is the kinetic energy of the structure and U is the potential energy. The kinetic and potential energies can be written as
where m, _ x, k, and x are the mass, velocity, spring constant, and displacement, respectively. Substituting these expressions into equation (2) yields
Considering only the kinetic energy of the surface (which decreases the time required by an onboard engine controller to process the acceleration waveform by performing only a single integration) the surface velocity can be written in terms of acceleration, € x, as
Therefore, the kinetic energy of the surface is expressed in terms of the acceleration as
Considering that the mass is constant for the system, this gives the specific kinetic energy, K S , in terms of the acceleration as
Using a numerical integration technique, the specific kinetic energy can be computed using the measured surface acceleration. The specific kinetic energy (K s ) was derived from the 1-2 kHz filtered acceleration signal. The positive peak K s value location is considered as the metric to be extracted for combustion phasing. A typical 1-2 kHz specific kinetic energy waveform is shown in Fig. 9 . Again, the in-cylinder pressure is shown in Fig. 8 Comparison of the peak acceleration location and CA50 for 300 consecutive cycles at the four different intake temperatures of test 1 Fig. 9 Graphical description of the combustion phasing metric chosen from the 1-2 kHz filtered specific kinetic energy (K s ) signal Fig.9 to provide orientation of the K s to the combustion event.
Comparison between the peak specific kinetic energy location and the corresponding cycle's CA50 for 300 consecutive cycles for the engine set points of test 1 is shown in Fig. 10 . Notice the three distinct groupings present. Most of the cycles appear to follow CA50 quite well, while a few particular cycles lead or lag CA50. Again the discrete phasing difference between the groupings results from the filtering process. The kinetic energy groupings are spaced approximately 3.1 CAD which corresponds to approximately half the spacing of the acceleration peak value groupings from Fig. 8 . This behaviour was expected since the kinetic energy, being the square of the velocity, will have twice as many postitive peaks than the acceleration waveform. Perhaps the more interesting behaviour is that the groupings of the peak K s location both lead and lag CA50. To further investigate the inconsistent correlation between the peak K s location and CA50, the temporal evolution of the HRR and K s for three random cycles, one representing each grouping in Fig. 10 , are plotted, see Figs 11(a), 12(a), and 13(a). Cycle 134 ( Fig. 12(a) ) exhibits a peak kinetic energy value at the same CAD location as the peak HRR. Conversely, the peak kinetic energy locations of cycle 136 ( Fig. 11(a) ) and cycle 138 ( Fig. 13(a) ) lags and leads the corresponding cycle's peak HRR location, respectively. Interestingly, for all three cycles observed, the kinetic energy exhibits a local maximum in the vicinity of the peak HRR. The velocity waveform from the 1-2 kHz frequency band was then also considered to determine if there is any . Indeed for all three cycles the peak positive velocity location coincided with the peak HRR location. Consequently, the peak positive velocity was plotted versus CA50 on a cyclic basis for 300 consecutive cycles at each intake temperature, see Fig. 14. Note that the postitive peak velocity value for the 1-2 kHz bandwidth robustly indicates CA50 for the UTG 9 gpm fuelling rate on a cyclic basis.
Influence of combustion behaviour on the velocity combustion phasing metric
Having identified a metric that appears to correlate well to combustion phasing for one test case, it was desired to investigate the ability of the peak positive velocity location to detect combustion CA50 under different load conditions. Therefore, the fuelling rate for the UTG fuel was decreased from 9 to 6 gpm.
Again the engine was operated at various intake temperatures to produce various combustion phasings, refer to test 2 in Table 2 for engine set point details. Cyclic comparison of the peak positive velocity location in the 1-2 kHz frequency band to CA50 for 300 consecutive cycles at test 2 indicates a particular threshold at which the vibration metric is unable to robustly detect CA50, see Fig. 15 . The same results are observed for a 300 consecutive cycle per set point comparison of the peak positive velocity location to CA50 for test 3, see Fig. 16 . Again a robust correlation is observed for the high intake temperature, advanced combustion timing set points while the correlation deteriorates for lower intake temperature conditions. Note that the CA50 values at which the peak velocity phasing deteriorates is different for test 2 and test 3 i.e. the correlation diminishes at a CA50 of 358°for test 2 and a CA50 of 364°for test 3. Thus, the combustion phasing itself is not governing when the peak velocity will cyclically detect CA50. Fig. 14 Comparison of the peak velocity location and CA50 for 300 consecutive cycles at each intake temperature set point of test 1 Fig. 15 Comparison of the peak velocity location and CA50 for 300 consecutive cycles at each intake temperature set point of test 2
DISCUSSION
To understand the decreased cyclic correlation between the peak velocity location and CA50 for retarded combustion timings, the nature of the combustion loading and its influence on the engine structure's dynamics must be considered. The amplitude and duration of the impulsive combustion load will have a direct effect on the frequency content of the energy transferred to the engine system. This impulsive loading can be exemplified by modelling the combustion energy release process behaviour using the Wiebe function given as
The Wiebe function (or a variation) has been used for modelling the combustion process in SI engines [18] and more recently in modelling HCCI combustion [19] . In equation (8), y b represents the cumulative energy release, u is the instantaneous crank angle, u o is the crank angle at which combustion initiates, and Du is the combustion duration. The constants a and n are variable so the shape of the Wiebe function can be emperically fit to existing combustion data for various engine platforms. By utilizing the Wiebe function to simulate the energy release process, the changes in the energy release process' spectral distribution, for example with Du, can be evaluated if the coefficients are evaluated properly. Therefore, if a is taken to be
then Du becomes the 10-90 per cent burn duration [19] . A plot of the cumulative energy release computed using equations (8) and (9) with u o = 357.6 CAD, and various Du values is shown in Fig. 17 . In this analysis n was chosen as 1.5 by matching the normalized experimental heat release for Ti = 220°C of test 2. Note the characteristic S-shaped curve indicating the cumulative energy release begins at zero (indicating no energy released) and ends at one (indicating all the avaliable energy has been released). Additional to Fig. 17 is the average normalized heat release for Ti = 200°C of test 2. This set point has a combustion duration of 5.2 CAD.
Comparison between the experimental and simulated normalized curves at Du = 5 verifies that the Wiebe function adequately captures the temporal evolution of the experimental heat release. It is more physically intuitive to consider the rate of energy release ( _ y b ) to represent an impulsive load rather than the S-shaped cumulative energy release. This relation can be derived from the Wiebe function by differentiating equation (8) with respect to u yielding
The corresponding _ y b curves for the constants (a, n, and u o ) and Du values specified in the calculation of _ y b are shown in Fig. 18(a) . Additionally, the average HRR for different engine set points from test 2 are shown in Fig. 18(b) for comparison. As is consistent with the physical behaviour of the combustion process, the faster burning cycles are indicative of high energy release rates while the slower burning processes are indicative of lower energy release rates. It is clear the change in the impulsive nature of the energy release progress is captured by _ y b . Using the Wiebe rate function to simulate the HCCI heat release process provides an analytical function by which changes in the spectral energy distribution of the combustion load on the engine can be observed. This analysis can then provide insight into the variation of the experimental heat release's spectral energy when combustion behaviour is changed. Therefore, _ y b along with the Fourier transform provide an analytical recipe to simply investigate the changes in the spectral energy distribution of impulsive combustion loads with the same cumulative energy available but released at a slower rate, i.e. changes in frequency content due to changes in burn duration. The spectral energy of the four _ y b waveforms shown in Fig. 18(a) are computed and presented in Fig. 19(a) . It is clear that short-duration high-amplitude impulsive loads will have more energy present at higher frequencies. This result is manifested experimentally by considering the spectral energy, presented in Fig. 19(b) , of the HRR waveforms of Fig. 18(b) . Clearly, as the combustion duration is prolonged, the spectral energy in the 1-2 kHz frequency band is diminishing. This result indicates that the slower burning combustion processes do not impart enough energy to the structure at 1-2 kHz to sustain a clear dynamic relation between the peak velocity and the combustion behaviour.
Also note from Fig. 19(b) that the combustion energy shows almost no energy present in frequencies above 4 kHz. This result is important as it indicates why previous authors have seen the ability of an accelerometer to detect combustion characteristics increase when filtered below 4 kHz. That is, these are the frequencies in which the bulk energy release process dominates.
Verifying the impulsive nature of the HCCI combustion event provides great physical insight into the ability of the peak velocity location to robustly detect combustion phasing. If the duration of the impulse is less than one natural time period of the engine structure, then it can be considered a shock loading. A short-duration shock load, F(t), applied over time period Ti can be expressed as an impulse
Here it is important to note that F is treated as a constant representing the average force amplitude of the impulse. Additionally, for an impulsive loading, the impulse-momentum relation of the structure may be expressed as
If equation (12) is integrated from zero to Ti and equation (11) is substituted into the left-hand side, the corresponding relation between the impulsive force and the system velocity is
Note the system mass is constant and is consequently taken outside the integral. Moreover, the system's initial velocity, _ x 0 , is zero as seen from a plot of the velocity for one random cycle taken from the CA50 = 359.0, test 1 data, see Fig. 20 . Thus, the final velocity, X Ti , of the system, after the impulse, can be related to the impulse amplitude by
This equation indicates that the short-duration combustion loading can be considered equivalent to giving an initial velocity, _ x Ti , to the system. Note that the measurement of the surface velocity is considered in one direction (i.e. one degree of freedom) thus the solution of the response of the system under a shock load can be be determined as the free-vibration solution of a viscously-damped single-degree-of-freedom (SDOF) system with an initial velocity of, _
x Ti , and an initial displacement of zero [12] 
where z, v n , and v d are the damping ratio, natural frequency, and damped natural frequency of the system, respectively. Differentiating equation (15) with respect to t yields the velocity of the system
Taking this result and the relation of
for an underdamped system, the behaviour of the engine structure can be verified by comparing the measured and computed velocity of the system. This comparison was made for the engine cycle shown in Fig. 20 and the result is presented in Fig. 21 . Here the intial velocity was selected to be equivalent to the peak measured velocity for the Note the values of v n and z were chosen to match the frequency and damping characteristics of the velocity waveform. It should be noted that these values can be determined using either finite element analysis or experimental modal testing, but for these preliminary results these value are arbitrary and thus should not be taken as the definitive dynamic characterisitcs of the engine used in this study. Notice that the simple SDOF impulse response captures the general behaviour of the surface accelerations for about 15 CAD just after the peak velocity is reached confirming the system behaviour is dominated by the dynamics of a shock loading. Consequently, the peak velocity location is capable of predicting CA50 for high-intensity combustion cycles because the combustion process induces a shock loading on the structure in which the maximum velocity location will coincide with the point at which the loading amplitude starts to diminish (i.e. the peak HRR location). This result also explains why the peak acceleration location does not track CA50 linearly, i.e. the peak velocity location corresponds to a point at which the acceleration is zero.
Another important piece of information that can be extracted from equation (16) is v n . Recall that for an impulse loading to be considered a shock loading the impulse duration must be less than one natural time period of the system. From the presented analysis, if v n = 2100 Hz is the natural frequency of the engine structure then the natural time period, Tp, will be: Tp = 1/2100 Hz = 0.476 ms. This natural time period provides a burn duration threshold with which to diagnose when the peak velocity location will indeed predict CA50. To determine if this burn duration threshold is reasonable the absolute error between CA50 and the peak velocity location was plotted on a cyclic basis for all engine set points and tests, see Fig. 22 . The 0.476 ms threshold is shown by a solid bold vertical line on the figure. Note for test 1 the 0.476 ms threshold corresponds to the point at which the absolute error exceeds 1 CAD. The absolute error for tests 2 and 3 exceeds the 1 CAD error at slightly longer burn durations. Depending upon the amount of crank angle uncertainty required for adequate control of combustion phasing (i.e. if 1 CAD error is acceptable), this threshold may or may not be acceptable.
Based on the previous results regarding the underlying dynamics governing the ability of the peak velocity location to detect CA50, some discussion should be given in regards to changing the operating conditions and engine architecture. It is suspected that the aformentioned methodology will be more robust at high engine speeds but will deteriorate at lower engine speeds. The reason for this statement is derived from the criterion for a shock loading being that the combustion duration, in time, should be shorter than the natural period of the structure. Thus, it is postulated that as the engine speed increases the burn durations in time will decrease based on diminishing heat transfer from the cylinder. It should be noted that fuelling rate, fuel properties, in-cylinder fluid motion, and mixture dilution will also have an impact on burn rates and will thus impact the ability of the peak velocity location to detect CA50 at different engine speeds. During speed transients, for which the burn durations are typically decreased, it is suspected that the peak velocity location will still be capable of detecting CA50; however, it is not certain to what degree the level of mechanical noise, which can be present during heavy transients, will deminish this correlation.
Further consideration should be given when considering applying this methodology to a multicylinder, water-cooled engine. Multiple transducers are most likely necessary when considering this methodology for a multi-cylinder engine so as to provide an increased signal-to-noise ratio between the combustion process and the measured acceleration for a particular cylinder. Additionally, the effect of water cooling on the ability of peak velocity location to detect CA50 for an HCCI engine will most likely be manifested in the burn durations impacted by wall temperature [20] . Lowering the engine cooling water temperature will increase burn durations and possibly extend the duration beyond the natural time period of the engine structure. The use of a cooling water jacket when compared to a solid Fig. 22 Per cycle behaviour of the absolute error between CA50 and the peak velocity location with burn duration for all engine set points of all tests cylinder-block assembly will also impact the engine's structural vibration through changes in structural stiffness. Note that equation (16) may present new possibilites in modelling the vibration signature of an HCCI engine when the combustion duration is short compared to the engine system dynamics. Many onedimensional gas dynamics and engine simulation software use the Wiebe function to simulate combustion evolution [21] . It is postulated that coupling a Wiebe rate function as the impulsive input with equation (16) could lead to predictive capabilities of HCCI engine vibration levels.
CONCLUSIONS
This work has focused on utilizing accelerometers to detect the combustion phasing of an HCCI engine. The work has considered the ability of the measured surface accelerations to detect CA50 on a cyclic basis. Combustion phasing and behaviour was changed by varying intake temperature, fuelling rate, and fuel composition.
The acceleration signal was found to detect CA50 on a cyclic basis when the peak velocity location was the chosen vibration metric and combustion durations were short. The peak velocity location is capable of predicting CA50 for high-intensity combustion cycles because the combustion process induces a shock loading on the structure in which the maximum velocity location will coincide with the point at which the loading amplitude starts to diminish. This result also explains why the peak acceleration location does not track CA50 linearly, i.e. the peak velocity location corresponds to a point at which the acceleration is zero. Results also show that in order for the combustion event to qualify as a shock loading, the burn duration must be less than the natural time period of the engine structure. When this rapid combustion occurs, the event will induce an initial velocity on the engine structure with the dynamic response of the engine being dominated by the free-vibration of the structure. A simple free-vibration viscously-damped SDOF model for free vibration utilizing a non-zero initial velocity and a zero displacement initial conditions was used to confirm this behaviour for a highintensity combustion cycle.
The use of the Wiebe function to simulate the HRR of the HCCI combustion process showed that the burn duration directly impacts the spectral energy distribution of the heat release process. Longer combustion durations decrease the highfrequency content of the combustion load on the engine structure and, consequently, the vibration levels of the engine structure at these higher frequencies will diminish. This conclusion explains why the slower burning combustion processes do not impart enough energy to the structure at 1-2 kHz to sustain a clear dynamic relation between the peak velocity and the combustion behaviour for the engine considered in this study.
A criterion for utilization of the peak velocity location to detect CA50 was derived based upon the natural frequency found to adequately represent the free vibration of the engine structure. For the Hatz engine, this burn duration criterion was estimated to be 0.476 ms. Comparing the absolute error between CA50 and the peak velocity location to burn duration on a cyclic basis for all three engine tests showed this burn duration criterion would be viable if a 1 CAD uncertainty in combustion phasing was acceptable.
